INTRODUCTION
Bone is a highly dynamic organ with as much as 10% of human skeleton turned over every year (reviewed in ref. [1] ). Two main cell types are involved in regulating bone remodeling. Osteoblasts, derived from mesenchymal precursors, are bone-forming cells that secrete bone matrix proteins including type I collagen and proteoglycans and later stimulate their mineralization. Osteoclasts, conversely, are of hematopoietic origin and upon maturation, adhere to demineralized bone and dissolve bone matrix (reviewed in refs. [2, 3] ). A highly coordinated balance in bone turnover must be maintained so that bone destruction does not outpace bone rebuilding. However, numerous inflammatory diseases negatively impact bone remodeling by tipping the balance in favor of osteoclastogenesis, including arthritis, osteoporosis, cancer, and periodontal disease. Therefore, understanding the molecular mechanisms by which the immune system influences bone cell activity is critical for developing rational therapies for these diseases (reviewed in ref. [4] ).
The current understanding of bone diseases such as rheumatoid arthritis (RA) and periodontal disease supports a model in which inflammation is a key step in promoting bone destruction [4, 5] . In particular, osteoblasts are highly responsive to immune-derived cytokines. They respond to these by promoting osteoclast development and activity and by amplifying the inflammatory state further through the secretion of numerous inflammatory effectors. Many bone-acting cytokines have been identified, including tumor necrosis factor ␣ (TNF-␣), interleukin (IL)-6, and IL-1␤, as well as the receptor activator of nuclear factor (NF)-B (RANK)/RANK ligand (RANKL)/osteoprotegrin (OPG) family of TNF receptor (TNFR)-related cytokines (reviewed in refs. [4, 6] ).
Recently, the T cell-derived cytokine IL-17 has also been shown to be an important mediator of inflammatory arthritis and other diseases affecting bone [7, 8] . For example, IL-17 is highly elevated in synovial fluid from RA and osteoarthritis patients and has also been implicated in periodontal disease [9 -11] . In addition, IL-17 has been implicated in animal models of RA. IL-17-deficient mice are resistant to collageninduced arthritis (CIA); blocking IL-17 in a mouse model of RA reduces disease symptoms; and excess IL-17 exacerbates disease [12] [13] [14] [15] [16] . Furthermore, mice deficient in the T cell costimulatory molecule-inducible costimulator are resistant to CIA, and a major defect in these mice is a reduction in levels of IL-17 [17] . Thus, it is clear that IL-17 plays a significant role in inflammatory bone disease and may be an attractive, therapeutic target.
IL-17 is particularly intriguing, as the cytokine and its receptor are the founding members of a novel family of cytokines, whose biological functions and mechanisms of signaling remain poorly understood (reviewed in ref. [18] ). Unlike typical inflammatory cytokines produced by the innate-immune system, IL-17 is secreted largely by memory T cells, primarily in response to IL-23 and T cell receptor signals [19 -22] . The IL-17 receptor (IL-17R) is expressed ubiquitously, and consequently, nearly all cells are potential targets of IL-17 [23, 24] . However, very little is currently known about the signaling mechanisms induced by this unique receptor. Early reports indicated that like many inflammatory cytokines, IL-17 activates the transcription factor NF-B, probably through the adaptor TNFR-associated factor 6 [23, 25] . However, NF-B activation is weak in many cell types (e.g., the osteoblast cell line MC3T3-E1) [26] . Several mitogen-activated protein kinase pathways and the Janus tyrosine kinase-signal transducer and activator of transcription (JAK-STAT) pathway have also been implicated in IL-17 signaling (reviewed in ref. [18] ), but it is likely that additional signaling pathways exist.
The endpoint of most signaling cascades is specific gene expression. Therefore, to gain a better understanding of IL-17-mediated signaling pathways, it is valuable to obtain a comprehensive picture of genes activated by this cytokine. To date, some gene targets of IL-17 have been defined in various cellular backgrounds, most of which are inflammatory in nature (e.g., cytokines, chemokines, prostaglandins, and nitric oxide; reviewed in refs. [8, 27] ). However, given the ubiquitous expression of the IL-17R, it is highly likely that many IL-17 target genes have not yet been discovered and also, that there is cell-type specificity in signaling. It is important that in inflammatory settings such as RA, IL-17 is just one component in a highly complex cytokine network. In this regard, it has been well documented that a primary function of IL-17 is to act cooperatively with other cytokines, such as TNF-␣, IL-1␤, interferon-␥, and IL-4 [28 -33] . Accordingly, it is also important to determine the influence of other cytokines on IL-17 function, particularly with respect to gene expression.
To provide further information regarding the physiological and pathological functions of IL-17 and to identify novel IL-17 target genes that will ultimately help dissect IL-17 signaling pathways, we used a microarray technique to examine the spectrum of genes regulated by IL-17. Because of the clear role for IL-17 and TNF-␣ in RA and the penchant of IL-17 to synergize with TNF-␣, we examined genes induced by IL-17 in cooperation with TNF-␣ in a preosteoblast cell background. Most genes identified herein were linked directly to inflammatory processes. One novel IL-17 gene target found in this study is lipocalin-2 (LCN2/24p3), an acute-phase protein involved in regulating apoptosis. In addition, several transcription factorrelated genes involved in regulation of inflammatory genes were revealed, as well as genes involved in bone remodeling, cytoskeleton, signal transduction, and regulation of apoptosis.
MATERIALS AND METHODS
Cell culture and stimulation MC3T3-E1, ST2, and immortalized murine embryonic fibroblast (MEF) cells were cultured in ␣-minimum essential medium (␣-MEM; Sigma Chemical Co., St. Louis, MO), supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gemini Bioproducts, Woodland, CA), penicillin, streptomycin, and L-glutamine (Gibco/Invitrogen, Carlsbad, CA). Recombinant human IL-17 and TNF-␣ were obtained from R&D Systems (Minneapolis, MN). For microarray analysis, MC3T3-E1 cells were grown to confluence in T175 flasks (ϳ10 7 cells per sample). They were incubated for 16 h in ␣-MEM/0.3% FBS and stimulated with TNF-␣ (2 ng/ml) or together with IL-17 (200 ng/ml) for 2 h. For other stimulations, cells were seeded onto 10 cm dishes and grown to confluence in ␣-MEM/10% FBS. Following attachment, cells were washed twice in phosphate-buffered saline (PBS), incubated in ␣-MEM/0.3% FBS overnight, and stimulated with the indicated cytokines for the designated time periods. MEF and ST2 cells were not serum-starved prior to stimulation.
Microarray analysis
Total RNA from MC3T3-E1 cells was prepared using the RNeasy kit (Qiagen, Valencia, CA). Relative mRNA levels were assessed using the Affymetrix mouse genome gene chip U74v2, processed and performed by the Roswell Park Cancer Institute (RPCI) Gene Expression Core Facility (Buffalo, NY) [26] . The experiment was repeated twice with separately prepared mRNA, and four arrays were generated. Affymetrix Microarray Suite Version 5.0 managed the raw data. The raw absolute expression signals were exported to dChip Version 1.3 (http://www.dchip.org), GeneSpring Version 6.2 (Silicon Genetics, Redwood City, CA), and GeneTraffic Version 3.0 (Iobion Informatics, La Jolla, CA) for further analysis. Expression signals were transformed and normalized by algorithms implemented in different software packages. Changes in gene expression were considered significant if the detection P value was less than 0.05 (termed "present" in Affymetrix Microarray Suite) in at least three of four arrays, and the magnitude of change was at least 2.0.
Real-time polymerase chain reaction (PCR)
Total RNA was isolated using the RNeasy kit (Qiagen) with on-column DNase digestion to eliminate DNA contamination. Single-stranded cDNA was synthesized using reverse transcriptase (RT; murine Moloney leukemia virus (MuMLV); Fermentas, Hanover, MD) and random hexamer primers. Real-time PCR was performed in triplicate using the iCycler iQ Real-Time PCR detection system and iQ SYBR Green Supermix (Bio-Rad, Hercules, CA), according to the manufacturer's protocol. For the negative control, MuMLV was omitted, and a control cDNA dilution series was created for each gene to establish a relative standard curve. PCR reactions consisted of one cycle at 95°C for 360 s, followed by 40 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 20 s. Each reaction was subjected to melting temperature analysis to confirm singleamplified products. For quantification, target genes were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPD) controls. Primer pair sequences were as follows: CXC chemokine ligand 1 (CXCL1), 5Ј-CAC CCA AAC CGA AGT CAT AG-3Ј and 5Ј-AAG CCA GCG TTC ACC AGA-3Ј; CXCL2, 5Ј-CGC CCA GAC AG AAG TCA TAG-3Ј and 5Ј-TCC TCC TTT CCA GGT CAG TTA-3Ј; CXCL5, 5Ј-GGT CCA CAG TGC CCT ACG-3Ј and 5Ј GCG AGT GCA TTC CGC TTA-3Ј; CC chemokine ligand 2 (CCL2), 5Ј-GCC TGC TGT TCA CAG TTG C-3Ј and 5Ј-TGT ATG TCT GGA CCC ATT CCT-3Ј; CCL5, 5Ј-CAC CAC TCC CTG CTG CTT-3Ј and 5Ј-ACA CTT GGC GGT TCC TTC-3Ј; LCN2/24p3, 5Ј-CAG CTT TCA GAT GTA CAG CAC C-3Ј and 5Ј-CAT GGC GAA CTG GTT GTA GTC-3Ј; molecule possessing ankyrin repeats induced by lipopolysaccharide (LPS; MAIL)/inhibitor of B (IB), 5Ј-TGA CAT CAC CGC AAA CGC-3Ј and 5Ј-GAA ATC CTG GCA CTG GTC TC-3Ј; cyclooxygenase-2 (COX2), 5Ј-TGG AAA AGG TTC TTC TAC GGA G-3Ј and 5Ј-TGA ACC CAG GTC CTC GCT-3Ј; epiregulin (EREG), 5Ј-TGC CTC TTG GGT CTT GAC G-3Ј and 5Ј-ACT TTG TAA TCT GCA CTT GAG CC-3Ј; CCAAT/enhancer-binding protein ␦ (C/EBP␦), 5Ј-TGC CAT GTA CGA CGA CGA G-3Ј and 5Ј-GCC GCT TTG TGG TTG CTG-3Ј; C/EBP␤, 5Ј-CGC ACC ACG ACT TCC TCT-3Ј and 5Ј-CGA GGC TCA CGT AAC CGT-3Ј; oncostatin M receptor (OSMR), 5Ј-TAT TTC TTG GGA GCC CGT AT-3Ј and 5Ј-TCT GAA GTT GTA ACG GAC GC-3Ј; suppressor of cytokine signaling 3 (SOCS3), 5Ј-AGC TCC AAA AGC GAG TAC CAG-3Ј and 5Ј-CTC ACA CTG GAT GCG TAG GTT-3 ; FAS (Fas or CD95), 5Ј-GAA ATC GCC TAT GGT TGT TG-3Ј and 5Ј-ATG GTT TCA CGA CTG GAG G-3Ј; pleckstrin homology, Sec7, and coiled-coil domains 3 (PSCD3), 5Ј-GCG CTG GTT CAT CCT CAC AG-3Ј and 5Ј-CAT CGG CCT CCG TCT TGC-3Ј; GAPD, 5Ј-GAC AAC TTT GGC ATT GTG G-3Ј and 5Ј-ATG CAG GGA TGA TGT TCT G-3Ј; matrix metalloprotinease 13 (MMP-13), 5Ј-TGA TGC CAT TAC CAG TCT CC-3Ј and 5Ј-AAT GTC ATA ACC ATT CAG AGC C-3Ј; tissue inhibitors of metalloproteinases 2 (TIMP2), 5Ј-CAC GCT TAG CAT CAC CCA-3Ј and 5Ј-TCC ATC CAG AGG CAC TCA T-3Ј; RANKL, 5Ј-GAT GAA AGG AGG GAG CAC G-3Ј and 5Ј-AAG GGT TGG ACA CCT GAA TG-3Ј; OPG, 5Ј-CTT CGT GCC TTG ATG GAG AG-3Ј and 5Ј-GGA AAG TGG GAT GTT TTC AA-3Ј; cortactin (CTTN), 5Ј-AGG TGC CAT CTG CCT ATC A-3Ј and 5Ј-TCT CGG CTT CTG CCT TCC-3Ј; coactosine-like 1 (COLT1), 5Ј-GGC TGT TCG CCT TTG TGC-3Ј and 5Ј-CTC CTT CCG GTC GCT GAT-3Ј; 14-3-3-␥, 5Ј-TGG CGC TCA ACT ACT CGG-3Ј and 5Ј-TCT TGC TGG TCG CTC GTC-3Ј.
Flow cytometry
Cells were trypsinized and resuspended in 1 ml staining buffer (PBS/2% FBS) containing 200 ng propidium iodide (PI) and 200 ng RNase. After incubation at 37°C for 20 min, cells were analyzed on a FACSCalibur using Cellquest software (BD Biosciences, San Jose, CA).
Luciferase assays
The mouse LCN2/24p3 promoter was PCR-amplified from mouse genomic DNA using Taq DNA polymerase (Fermentas). The primers used were 5Ј-GGG ACG CGT CAG GAG CAG CAA AC-3Ј and 5Ј-GAC CTC GAG GGC CAT GGT TTC CAC-3Ј. The amplification product was subcloned into the promoterless luciferase reporter vector pGL3-Basic (Promega, Madison, WI) and confirmed by sequencing. For luciferase assays, 1 ϫ 10 5 MC3T3-E1 cells were seeded on 12-well plates and cotransfected with 0.5 g of the 24p3 luciferase reporter plasmid and 10 ng Renilla luciferase plasmid (provided by Dr. Xin Lin, University at Buffalo, State University of New York) as an internal standard. Where applicable, a tenfold excess of the plasmid pCMV5-C/EBP␦ (a kind gift of Dr. Lynn Vales, University of Medicine and Dentistry of New Jersey, Piscataway, NJ) or NF-B p65 (provided by Dr. Xin Lin, MD Anderson Cancer Center, Houston, TX) was added to the transfection reaction. Cells were stimulated with indicated cytokines for 6 h and lysed, and supernatants were analyzed for luciferase activity using an Orion MPL2 luminometer (Berthold Detection Systems, Oak Ridge, TN).
RESULTS

Microarray analysis
Numerous studies have shown that IL-17 exerts potent effects on bone [7, 8] , but so far, only a limited number of genes have been shown to be induced in bone cells by IL-17 [34, 35] . To define the spectrum of genes induced by IL-17 in osteoblasts more fully, we performed microarray studies in the preosteoblast cell line MC3T3-E1. We have previously found that these cells respond to IL-17 by up-regulating various genes, including IL-6 and the chemokine LPS-induced CXC chemokine (LIX)/CXCL5 [26, 36] . A characteristic feature of IL-17 is that it synergizes potently with other inflammatory cytokines. Therefore, we designed this study to identify genes induced by IL-17 alone and in combination with the proinflammatory cytokine TNF-␣. To this end, MC3T3-E1 cells were stimulated for 2 h with a suboptimal dose of TNF-␣ (2 ng/ml), alone or together with a high dose of IL-17 (200 ng/ml). We chose this rapid time-point, as IL-17 triggers production of chemokines and other secreted factors, and we wished to reduce confounding secondary effects as much as possible. In addition, this is the earliest time-point at which the hallmark IL-17 target gene IL-6 is up-regulated [26] . Total RNA was isolated and applied to Affymetrix mouse genome U74Av2 microarrays, which include over 12,488 probe sets interrogating ϳ12,000 full-length mouse genes and expressed sequence tag clusters from the UniGene database. Depending on the software used for analysis, 80 -90 genes were up-regulated, and 19 -50 genes were down-regulated in cells treated with TNF-␣ ϩ IL-17 compared with TNF-␣ alone. Table 1 lists genes that were induced or reduced more than twofold, as determined by at least two out of three microarray analysis software packages. Genes were categorized according to function and included chemokines and cytokines, immune response/inflammatory genes, transcriptional regulators, bone-remodeling genes, cytoskeleton-related genes, and signal transducers, as well as various unknown or uncategorized genes.
Validation of microarray data
To verify the gene expression profile obtained by microarray, we performed quantitative real-time PCR to detect a selected subset of genes. MC3T3-E1 cells were treated without cytokines ("Untreated") or for 2 h with IL-17, TNF-␣, or IL-17 ϩ TNF-␣, and total RNA was analyzed by real-time PCR. A relative standard curve was created for each gene to calibrate the PCR efficiency of different primer pairs (data not shown). The majority of up-regulated genes identified by microarray analysis was confirmed successfully by real-time PCR ( Table 2) . As expected, the fold changes determined by real-time PCR were often greater than those obtained in the microarray analysis, as Affymetrix microarrays are known to underestimate differences among samples. For example, CXCL5 was induced ϳ4.5-fold in the microarray but 13.4-fold by real-time PCR (comparing TNF-␣ with TNF-␣ϩIL-17). Similarly, CXCL2 was enhanced only twofold via microarray but 8.3-fold via real-time PCR.
A number of genes identified in the microarrays were apparently down-regulated by TNF-␣ and IL-17 (Table 1) , which were tested by real-time PCR (Table 2 ). In particular, TIMP2 and COTL1 were confirmed to be down-regulated by magnitudes similar to that obtained in the microarray analysis (-1.3-fold and -1.5-fold, respectively, Table 2 ). In contrast, CTTN, PSCD3, and 14-3-3-␥ were not down-regulated when tested by real-time PCR. These varying results highlight the critical importance of performing independent validation of microarray data.
Importantly, the real-time PCR analysis also enabled us to examine whether genes identified in the microarrays were induced by IL-17 alone. We found that many but not all genes up-regulated by IL-17 and TNF-␣ were also enhanced by IL-17 alone in MC3T3-E1 cells. For example, CXCL5/LIX mRNA was increased 72.8-fold by IL-17 compared with unstimulated cells (Table 1 and ref. [36] ), and LCN2/24p3 was increased 2.3-fold by IL-17. In contrast, MAIL/IB was not MC3T3-E1 cells were stimulated with TNF-␣ (2 ng/ml) or TNF-␣ plus IL-17 (200 ng/ml) for 2 h, and total cellular RNA was processed and applied to Affymetrix U74Av2 microarrays. Genes listed were confirmed by at least two software packages (according to criteria described in Materials and Methods). A positive value indicates up-regulation, and a negative value indicates down-regulation. * Gene was represented on the chip by more than one probe set. Gene names are indicated in capital letters; in cases where a more commonly used name is used in the text, this is indicated in parentheses below the designated gene name (e.g., MAIL and IB).
induced significantly by IL-17 alone but was induced 3.5-fold by TNF-␣ ϩ IL-17 compared with TNF-␣. Among all the genes tested in real-time PCR analysis, none were exclusively induced by IL-17 without also being enhanced cooperatively (synergistically or additively) by TNF-␣. These data confirm that IL-17 exerts widespread cooperativity with TNF-␣ in enhancing gene expression.
It should be noted that Affymetrix microarrays are known to have a high false-negative rate, making it likely that not all target genes will be identified in any given screen. Therefore, we tested several genes that did not meet the stringent exclusion criteria applied to our microarray data, including CCL2, COX2, C/EBP␤, OSMR, RANKL, OPG, CASP1, and FAS (Table 2) . Some were chosen because they appeared to be induced weakly on the microarrays and represented potentially intriguing biological targets of IL-17 (i.e., FAS, OSMR, and C/EBP␤); others have been linked to IL-17 signaling in published literature (e.g., COX2, RANKL, and CCL2) [37] [38] [39] [40] . We found that almost all of these genes were enhanced at least mildly by IL-17 and/or TNF-␣ treatment.
Genes induced by IL-17 in other cell types
The IL-17R is expressed ubiquitously, and it is possible that this cytokine may exhibit cell-type specificity with respect to its gene targets. Therefore, we examined ST2 cells and MEF cells for their responsiveness to IL-17 and TNF-␣. ST2 is a bone marrow stromal cell line with osteogenic potential [41] . Similarly, osteoblasts are closely related to fibroblasts; both are of mesenchymal origin, and they respond in a similar manner to stimulation by various cytokines and chemokines [3] . Accordingly, we examined the ability of IL-17 to up-regulate a subset of the more strongly enhanced genes in ST2 and MEF cells by real-time PCR analysis. As shown in Tables 3 and 4, many genes were indeed enhanced strongly by IL-17 in these cell backgrounds. For example, CXCL1, LCN2/24p3, MAIL/ IB, and FAS were induced much more potently by IL-17 alone in MEF cells than MC3T3-E1 cells (ranging from 7.3-fold for FAS to 476-fold for LCN2/24p3). In addition, these genes were enhanced cooperatively with TNF-␣. ST2 cells were also responsive to IL-17 alone, in a manner similar to MEF cells, and most genes were further enhanced by TNF-␣ Messenger RNA was prepared from MC3T3-E1 cells stimulated for 2 h without cytokines (Untreated) or with TNF-␣ (2 ng/ml) and/or IL-17 (200 ng/ml). RT and real-time PCR analysis was performed in triplicate for each sample, and data are presented as the relative change of each mRNA compared with the untreated sample. ND, Not detected. As no CXCL2 was detectable in the untreated control, all samples are quantified relative to the IL-17-stimulated condition. Asterisks indicate statistical significance compared with Untreated group (*, PϽ0.05; **, PϽ0.01; and ***, PϽ0.001), and plus marks indicate significance compared with TNF-␣ group (ϩ, PϽ0.05; ϩϩ, PϽ0.01; and ϩϩϩ, PϽ0.001).
‡ Not identified on array but identified as IL-17 target gene in other studies. ¶ Identified on array by less stringent criteria than described in Materials and Methods and examined because of potential biological significance.
treatment. As expected, there was evidence for cell-type specificity in expression of certain genes. For example, the chemokine CCL2 was strongly induced by IL-17 in ST2 cells (93-fold). It is not surprising that the bone-related gene RANKL was only induced significantly in MC3T3-E1 cells.
LCN2/24p3 is a novel IL-17 target gene
For the first time, we have identified the gene encoding the acute-phase protein LCN2/24p3 as a target of IL-17 (here termed 24p3). As indicated by microarray and confirmed by real-time PCR, 24p3 mRNA was synergistically up-regulated by IL-17 and TNF-␣ in all cell lines tested. Induction of 24p3 is a rapid event, as semiquantitative RT-PCR analysis showed the induction occurred as early as 30 min after stimulation in MC3T3-E1 cells (data not shown). In addition, 24p3 is enhanced even more strongly in MEF and ST2 cells, particularly by IL-17 alone (Tables 3 and 4 ) and thus, is not unique to osteoblasts.
To explore the mechanism of 24p3 up-regulation, we tested whether IL-17 and TNF-␣ control activation of the 24p3 gene promoter. As this promoter has not been characterized in detail [42, 43] , we obtained 1.4 kb genomic sequence upstream of the 24p3 gene by PCR using primers designed from sequence data from public databases. This putative promoter was subcloned upstream of the luciferase reporter gene in the promoterless pGL3-basic vector (termed 24p3-Luc). MC3T3-E1 cells were transiently transfected with this plasmid and stimulated with the indicated cytokines, and luciferase activity in lysates was assessed after 24 h. As shown in Figure 1A , the relative reporter activities of 24p3-Luc were significantly enhanced (22.6-fold) by IL-17 and TNF-␣ compared with IL-17 (1.7-fold) or TNF-␣ (2.8-fold) alone. It is notable that this is one of the few genes known so far to exhibit synergy at the level of the promoter (e.g., compare with the IL-6 promoter; ref. [26] ). Thus, the 24p3 gene is controlled by IL-17 and TNF-␣ primarily by initiation of transcription through its proximal promoter. Computer analysis of this region identified many putative transcription factor-binding sites (Fig. 1) . We were particularly intrigued by the presence of several C/EBP and NF-B elements, as both of these transcription factors have been implicated in IL-17 and TNF-␣ synergy [23, 26] , and C/EBP␦ is expressed inducibly by IL-17 and TNF-␣ in these cells (Tables 1 and 2 ). Upon overexpression of C/EBP␦ or the NF-B p65 subunit, the basal 24p3 promoter was strongly enhanced, suggesting that these (or related) transcription factors can transactivate the 24p3 gene (Fig. 1B) .
Although 24p3 is multifunctional, one important role of 24p3 is to trigger apoptosis during cytokine withdrawal or 
3 Ϯ 1.5*** 14.7 Ϯ 3.8*** 15.0 Ϯ 3.6*** 1.0 MEF cells were stimulated for 2 h with IL-17 (200 ng/ml) and/or TNF-␣ (2 ng/ml), and mRNA was subjected to RT and real-time PCR analysis as described in Table 2 . ND, Not detected. As basal levels of CXCL2 or CXCL5 were not detected, IL-17-stimulated levels could not be quantified. Asterisks indicate statistical significance compared with untreated group (*, PϽ0.05; **, PϽ0.01; and ***, PϽ0.001), and plus marks indicate significance compared with TNF-␣ group (ϩ, PϽ0.01; ϩϩ, PϽ0.01; and ϩϩϩ, PϽ0.001).
tissue involution [42, 44, 45] . To test the possibility that 24p3 triggers apoptosis in bone cells, we examined whether MC3T3-E1 cells undergo apoptosis following IL-17 and/or TNF-␣ treatment. Although TNF-␣ is a potent inducer of apoptosis in many cells, MC3T3-E1 cells did not undergo significant apoptosis in response to TNF-␣ or IL-17, even after 72 h of treatment (data not shown). As apoptosis was not affected, we examined the effects of IL-17 and TNF-␣ on cell cycle ( Fig. 2 and Table 5 ). After stimulation for 12 h or 24 h, TNF-␣ treatment alone slightly reduced the portion of cells in G 0 /G 1 phase, and it increased the portion in S and G 2 /M phase. However, IL-17 alone did not alter cell cycle detectably nor did it reverse the effect of TNF-␣. In addition, IL-17 did not alter cell growth kinetics and doubling time (not shown). Thus, neither 24p3 nor any other genes regulated by IL-17 and TNF-␣ appear to influence cellular survival or proliferation.
DISCUSSION
IL-17 is the founding member of a novel class of bone-acting cytokines [8, 18] . Although most cells are potential targets of IL-17, bone cells are a particularly important because of the strong clinical connections between IL-17 and arthritis. Indeed, osteoblasts appear to be responsive to IL-17, particularly in conjunction with signals from other inflammatory cytokines such as TNF-␣ [26, 34 -36, 46] . To date, surprisingly little is known about IL-17-mediated signaling events. To define signaling pathways in molecular detail, it is critical to identify genes whose expression is a direct result of signal transduction. Thus, we performed microarrays to identify genes induced rapidly in bone following IL-17 and TNF-␣ stimulation, which can ultimately be used to dissect biochemical signaling pathways. We designed this study to identify genes induced by IL-17 alone and in conjunction with TNF-␣. As expected, many genes up-regulated in MC3T3-E1 cells were associated with inflammatory responses. In addition, genes involved in bone remodeling, transcriptional regulation, and signal transduction were identified, many of which have never before been linked to IL-17. The most prominent of these are discussed in detail below.
Chemokines
Numerous studies have linked IL-17 to chemokine gene regulation and the consequent effects on neutrophil recruitment and activation [31, 36, [47] [48] [49] [50] [51] [52] . Further support for the physiological importance of IL-17 in chemokine production came from studies in IL-17R-deficient (IL-17R -/Ϫ ) mice [53] . We ST2 cells were stimulated for 2 h with IL-17 (200 ng/ml) and/or TNF-␣ (2 ng/ml), and mRNA was subjected to RT and real-time PCR analysis as described in Table 2 . ND, Not detected. As basal levels of CXCL2 were not detected, IL-17-stimulated levels could not be quantified. Asterisks indicate statistical significance compared with untreated group (*, PϽ0.05; **, PϽ0.01; and ***, PϽ0.001), and plus marks indicate significance compared with TNF-␣ group (ϩ, PϽ0.05; ϩϩ, PϽ0.01; and ϩϩϩ, PϽ0.001).
identified four CXC-and CC-family chemokine genes strongly up-regulated by IL-17 and/or TNF-␣: CXCL1 [growth-related oncogene ␣ (GRO␣)/keratinocyte (KC), CXCL2 (macrophageinflammatory protein-2/GRO␤), CXCL5 (LIX), and CCL5 regulated on activation, normal T expressed and secreted (RANTES). In addition, we found that CCL2 (MCP-1 monocyte chemoattractant protein-1) is up-regulated by these cytokines by real-time PCR, although its cooperative regulation was not strong enough to score on the Affymetrix microarrays. These chemokines are functional, as conditioned media from stimulated MC3T3-E1 cells enhanced neutrophil migration [36] . The present study revealed a more complete spectrum of chemokines that are induced rapidly by IL-17 and TNF-␣, and results are consistent with the model that IL-17 activation of bone cells influences neutrophil recruitment and subsequent inflammation in vivo.
LCNs and apoptosis
One of the most strongly up-regulated genes identified in this study is the lipocalin 24p3. The 24p3 protein is an acute phase protein involved in multiple apoptotic events, including "passive" apoptosis induced by IL-3 withdrawal from cytokine-dependent cells [44, 45] . Despite the clear role of 24p3 in regulating apoptosis, we did not detect any significant effects of IL-17 or TNF-␣ on cellular proliferation, survival, or apoptosis (Table 5 , Fig. 2 , and data not shown). It is interesting that 24p3 induces apoptosis in hematopoietic cells but not in fibroblastic cells [45] . It is possible that after IL-17-induced chemokine expression and subsequent neutrophil recruitment, 24p3 causes apoptosis of cells in the inflammatory environment and thereby modulates inflammatory events. However, more experiments are required to prove this hypothesis.
Transcriptional regulators
Many proinflammatory effectors activate the transcription factor NF-B. IL-17 induces NF-B in numerous cell types, including fibroblasts [23] . In addition, most IL-17-regulated genes contain crucial NF-B sites in their promoters, such as IL-6 [54] , CXCL5/LIX [55] , and CXCL1/Gro␣ [56] . However, we have found that IL-17 induces NF-B activation only weakly, if at all, in MC3T3-E1 cells [26] . Thus, NF-B may play an important but poorly understood role in controlling IL-17 target genes. To date, little is known about the mechanisms underlying IL-17-induced NF-B activation, but a clue in this regard comes from our finding that the gene encoding MAIL/IB was induced by IL-17 and TNF-␣. The IB family of NF-B inhibitors is induced transcriptionally following NF-B activation, normally providing negative-feedback signaling in response to NF-B activation. However, IB appears to act in a positive manner to enhance target gene expression, particularly IL-6 [57] . We found that IB was up-regulated by IL-17 and/or TNF-␣ in all cell lines tested. Furthermore, it was reported recently that IL-1␤ and LPS but not TNF-␣ induced IB expression [58, 59] . This is consistent with our results, as TNF-␣ alone does not induce IB significantly. Thus, enhancement of IB may be a mechanism by which IL-17 and TNF-␣ control target gene expression via the NF-B pathway.
The C/EBP (also known as NF-IL6) family is another transcription factor family identified in these studies (Table 1) . We previously reported that induction of C/EBP␦ is partly responsible for cooperative enhancement of the IL-6 promoter by IL-17 and TNF-␣ [26] . Like NF-B, C/EBP proteins regulate numerous inflammatory genes. Their DNA binding sites are highly conserved, and thus, they exhibit considerable redundancy in regulating target genes. In the present study, we found that that C/EBP␤ is also modestly up-regulated by IL-17 and TNF-␣ in all cell lines tested. It is interesting that a number of the IL-17-induced genes identified in this study are known to be controlled by C/EBP family members, such as COX2 and IL-6 [60] . In addition, 24p3 has been reported to be upregulated by ectopic C/EBP␤ expression, and our data indicate it also appears to be a target of C/EBP␦ [43] (Fig. 1) . Thus, the C/EBP family probably plays a key role in regulating IL-17 responses.
Genes that regulate bone
One mechanism of IL-17-induced bone loss may be its ability to induce MMP, which degrade extracellular matrix during bone remodeling and tumor metastasis. In MC3T3-E1 cells, MMP-13 is up-regulated by IL-17, which is consistent with previous reports [61, 62] . Although no other MMPs (such as MMP-1 and MMP-3) were identified in this study, a tissue inhibitor of MMPs, TIMP-2, was mildly down-regulated by the combination of IL-17 and TNF-␣ in MC3T3-E1 and MEF cells (Tables 2 and 3 ). Presumably, suppression of TIMP-2 could enhance activities of other MMPs, providing another mechanism by which IL-17 may control bone turnover.
The RANK/RANKL/OPG system is a critically important regulatory system for bone turnover. Osteoblasts express MC3T3-E1 cells were stimulated for 12 or 24 h with nothing (Untreated), IL-17 (200 ng/ml), TNF-␣ (2 ng/ml), or IL-17 and TNF-␣. Cells were stained with PI and RNase A, and cell-cycle analysis was performed by flow cytometry. Quantitative results are shown. See also Figure 2 .
RANKL on the cell surface, which engages its counter-receptor RANK on osteoclast precursors and helps trigger their maturation (reviewed in ref. [63] ). OPG is a soluble decoy receptor, which prevents signaling from RANK. The balance between OPG and RANKL dictates the degree of osteoclastogenesis and hence, bone destruction. Several reports have implicated IL-17 in regulating OPG and RANKL [64, 65] . As the RANKL system is so central to bone remodeling and inflammation, we used real-time PCR to examine RANKL and OPG specifically, although neither gene was identified on the microarray. Expression of OPG and RANKL in all cell lines was low, as only the lowest dilutions of mRNA amplified detectable message (data not shown). At lower dilutions, RANKL message was detected and was mildly induced by TNF-␣ and TNF-␣ ϩ IL-17 in MC3T3-E1 cells. However, RANKL was not induced significantly in MEF cells, and it was only induced very weakly in ST2 cells, consistent with the bone-specific nature of this gene. OPG expression did not change significantly in any cell lines tested. Consistent with these data, no ligands to date have been found to stimulate significant RANKL expression in differentiated osteoblast models such as MC3T3-E1 (Keith L. Kirkwood, University of Michigan, personal communication). Furthermore, at least one report indicates that the effects of IL-17 and TNF-␣ on osteoclastic bone resorption are separable from RANK signaling [35] . Thus, the effects of IL-17 on bone may occur through mechanisms independent of the RANK/ RANKL/OPG axis.
Signal transduction
Several genes potentially involved in signal transduction were regulated by IL-17 and TNF-␣ (Table 1) . Of these, only SOCS3 and PSCD3 were validated by real-time PCR, and their enhancement was modest in MC3T3-E1 cells (less than twofold, Table 2 ). The fact that neither TNF-␣ nor IL-17 appears to regulate gene expression of signaling intermediates is not surprising, as most signal transducers tend to be controlled post-transcriptionally by post-translational modifications such as phosphorylation or cellular localization. Understanding how IL-17 impacts such biochemical signaling events will probably require proteomic rather than genomic approaches.
Summary and perspectives
Although IL-17 is a T cell-restricted cytokine, it exhibits properties of a proinflammatory cytokine, acting in conjunction with classic inflammatory cytokines such as TNF-␣ and IL-1␤. In osteoblasts, genes that were highly induced by IL-17, TNF-␣, or both fell into the categories of chemokines and cytokines, immune response regulators, transcriptional regulators, bone-remodeling genes, signal transducers, cytoskeletonrelated genes, and unknown or unclassified genes. Although some of these have been linked previously to IL-17, such as IL-6 and chemokines, we also identified genes that have been functionally connected to IL-17 for the first time, such as 24p3 and IB. This is the first reported large-scale study addressing the role of IL-17 in gene expression in bone cells. This global view of genes implicates IL-17 as a potent mediator of inflammation and neutrophil recruitment.
